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This paper describes progress toward development of a Primary Atomic Reference Clock
in Space (PARCS) and reviews scientlfic and technical objectives of the PARCS mission.
PARCS is a collaborative effort involving the National Institute of Standards and Technology, the University of Colorado, the Jet Propulsion Laboratory, the Harvard Smithsonian Center for Astrophysics and Politecnico di Torino. The experiment involves a laser-cooled cesium atomic clock, a Global Positioning System (GPS) time-transfer system,
and a hydrogen maser that serves as both a local oscillator for the cesium clock and a reference against which tests of gravitational theory can be made.

Introduction
In the microgravity environment of the International Space Station (ISS), cesium
atoms can be launched more slowly through the clock’s microwave cavity, reducing a
number of effects (including systematic effects), thus improving the performance of an
atomic clock well beyond that achieved on earth. A more accurate and stable clock in
space can be used for several purposes including: tests of gravitational theory, study of
GPS satellite clocks, study of neutral atoms in microgravity, and more-accurate realization of the second, which can then be made available worldwide. PARCS’ and two other
cooled-atom-clock programs, Atomic Clock Ensemble in Space (ACES)’ and Rubidium
Atomic Clock Experiment (RACE)3 are also scheduled for flight on the International
Space Station (ISS).
Several relativistic effects on clocks will be measured in this experiment. Significant measurements include the gravitational frequency shift, which can be determined
nearly two orders of magnitude more accurately than was done previously, and local position invariance, which can be tested more than three orders of magnitude more accurately than the best current experiments on earth. Should this experiment fly concurrently
which is also scheduled to fly on
with SUMO (Superconducting Microwave O~cillator)~,
the ISS, local position invariance can be tested more than four orders of magnitude better
than current experiments and a Kennedy-Thorndike test can be done five orders of magnitude better than the most accurate experiments done on earth. Finally, the realization of
a factor of 20 better
the second in space can be achieved at an uncertainty of 5 x
than that achieved on earth.
PARCS completed its Science Concept Review in January 1999 and is scheduled
for a Requirements Design Review in the Fall of 2000. Preliminary designs of many
components are nearing completion and a number of prototype components have been
developed and are being tested. PARCS is currently scheduled to fly in late 2004 to early
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2005. The rest of this paper closely follows the material presented at this workshop (Fundamental Physics in Microgravity Workshop, Solvang, CA, 19-21 June, 2000).

System Design
As shown in Figure 1, the experiment is projected to be located on a forward section of the Japanese Experimental Module ( E M ) External Facility (EF). This location
provides reasonable zenith and nadir views, which are important for time transfer. Furthermore, the available power (3 kW), closed-fluid cooling (2 kW), and space (1.8 x 1.0
x 0.8 m) are well suited to the experiment requirements.
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Figure 1. Projected location of PARCS on the ISS
Figure 2 shows a block diagram of the main space and earth components. The local oscillator is a space-qualified hydrogen maser produced (but never flown) for MIR.
The output of the maser is fed to the low-phase-noise microwave synthesizer, which, under control of the computer, produces frequency offsets steered to the appropriate locations on the cesium spectrum. The synthesizer also delivers a reference signal at the cesium resonance frequency to the GPS receiver for common-view comparisons with
atomic clocks on earth. The GPS common-view method is described below. Clock control signals, as well as clock and GPS-receiver data, are sent through the relatively lowdata-rate communication link shown at the top right of Fig. 2.

Figure 2. Block diagram of the PARCS experiment showing the major
ISS and ground-station components.
Transfer of time and frequency are accomplished using reception of the GPS carrier (phase) in a common-view method shown schematically in Figure 3 . Receivers at
point A (an earth ground station) and point B (on the ISS) receive the same signal from
one individual GPS satellite. The data acquired at each location is the difference between
the reference clock at that location and the GPS clock, with an added signal-transit delay.
In differencing the data sets acquired at the two points, the GPS clock drops out, and we
are left with the difference, A - B, between the two clock readings, plus the differential
transit delay. The delay term has some common-mode components. Using ionosphericdelay data obtained from dual-frequency GPS measurements and tropospheric delay estimates, the difference term can be evaluated quite well. Dramatic improvement over single observations is then obtained by taking and averaging additional clock differences
using all available GPS satellites within common view of the two observing stations. The
best result for measurements of this type (for two earth stations) has been an RMS time
noise of 30 ps.
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Figure 3. GPS common-view method. Signals received at A and B produce the clock differences shown in the first two lines, and the difference
between these data removes the GPS reference time as shown.

Figure 4 shows the limitations imposed by time transfer with both 10 ps and 50 ps
stability. For the time-transfer-system limits alone, the two curves would continue
downward, but measurements are ultimately limited by uncertainties in the position of the
ISS. The flattening of the time-transfer curves represents a positional uncertainty of
10 cm. The stability of the cesium clock is shown as the straight line below the time
transfer curves. The averaging times required to reach particular points on the curve are
shown. Figure 4 shows that the time transfer system is clearly going to limit comparisons
between the PARCS clock and clocks on the earth. At the selected stability of
time transfer is the limiting factor.
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Figure 4. Stability as a function of averaging time t for both the timetransfer system and the PARCS clock. Some specific averaging times are
shown on the clock stability. The flattening of the time-transfer curves results from uncertainty in the location of the ISS.

The space-clock concept is shown in Fig. 5. Atoms are cooled, collected, and
launched in the atom-preparation region. The clock arrangement is similar to a conventional atomic-beam clock on earth, except that the atoms are cooled and launched as a
sequence of balls that proceed through the Ramsey (microwave) cavity to the statedetection region. Shutters at both the launch and detection ends are closed during any laser interaction with the atoms. This prevents scattering of laser light into the cavity region
where this near-resonant light would otherwise significantly shift the frequency.
The atoms are cooled and trapped using conventional optical-molasses techniques. For frequency measurements on each side of the resonance, a large number of
atom balls are launched and detected before the frequency is moved to the other side of
the line. This minimizes the stability limit produced by the dead time (the Dick effect).
To achieve the desired stability, we estimate that we must launch 2 balls per second with
a transverse temperature of 2 pK and 1.1 x lo7 atoms in each ball at a velocity of 15

cm/s. For a cavity length of 75 cm, this gives a Ramsey time of 5 s. The cycle time (the
time spent in frequency measurement on each side of the line) is projected to be 20 s.
These parameters are within the state of the art, and a trap system was constructed to
verify that we could achieve them.

Figure 5 . Diagram of the PARCS laser-cooled space clock. Atoms in the
source (atom-preparation) region are cooled and trapped and then
launched. The state-detection lasers are not shown. State detection involves, not only detection of the atoms that have changed states, but also
measurement of the number of atoms arriving in each measurement cycle
so as to normalize detection to the number of atoms launched and thus remove shot-to-shot noise. Shutters (not shown) at ends of the cavity are
closed during laser interactions with atoms to prevent scattering of laser
light into the cavity. Three concentric magnetic shields are shown surrounding the microwave cavity and state-detection region.

Figure 6 is a simple sketch of the layout of the clock with dimensions roughly to
scale. The cavity outline is the outside of the cavity. The lower portion of the figure
shows the system dimensions in greater detail.
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Figure 6. Dimensions for the PARCS clock.

One of the larger systematic frequency shifts to be evaluated and corrected is the
spin-exchange frequency shift. This shift is large (0.5 to 1 x lo-'') for typical earth-bound
clocks). Fortunately, this shift scales down dramatically with increasing Ramsey time and
is projected to be nearly two orders of magnitude smaller for the chosen PARCS parameters. The spin-exchange and other systematic shifts will have to be carehlly measured and corrected to achieve the desired long-term stability, but there appear to be no
major issues associated with correcting these shifts.
It has long been recognized that the spin-exchange shift in rubidium is much
smaller than that in cesium, and therefore it might be a good candidate for advanced
atomic clocks. While this is true, the spin-exchange shift is not a limiting consideration
for PARCS. There are several advantages to staying with cesium, including the facts that
(1) the cavity can be smaller (because the resonance frequency is higher) and that (2) the
definition of the second is based on cesium. This will allow PARCS to serve as a primary
standard for the world.

Prototype Development
A number of components have been either designed or fabricated in prototype
form. These include the following.
o The shutters, which are critical to operation of the PARCS clock, have recently
been fabricated, and preliminary testing of them has begun. These shutters must
produce a minimum of magnetic field and vibration, have an open aperture of
1.0 cm, operate at a rate of at least 10 Hz,and survive 2 x 10' actuations.
o Collimators for the trapping and detection lasers, as well as a prototype trapping
chamber, have been constructed from titanium, and a prototype for the clock will
be assembled over the next few months.
o A microwave synthesizer with a performance well beyond that needed for
PARCS has been constructed, and measurements of phase stability confirm that it
meets the required performance. A second synthesizer, incorporating features that
better match it to PARCS, and that uses a number of space-qualified components,
is nearing completion.
o Preliminary designs for the laser system have been produced using, as much as
possible, commercially available components. Some components have already
been evaluated for vibration immunity. A laser-welding system will be used to assemble a number of the components requiring exacting alignment. A jig system
for achieving correct alignment before welding has been constructed.
o A design for the microwave cavity is now complete, and fabrication of the cavity
will begin soon.
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Summary
In summary, PARCS development is proceeding on schedule, and all critical issues are being addressed through modeling and prototype construction. It appears that, as
long as shutter problems can be solved, the requirements for atom density and systematic
frequency shifts should be achievable.
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